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ABSTRACT: Experimentally determined values of unsaturated soil hydraulic conductivity are presented for an
Alfisol of the county of Piracicaba, S.P., Brazil. Simultaneous measurements of soil water content and pressure head
are made along a 125 m transect within an irrigated field during the internal drainage process. Calculations of the
soil hydraulic conductivity were made using the instantaneous profile method (Watson, 1966) and the unit gradient
method (LIBARDI et al., 1980). The spatial variability of the soil hydraulic conductivity manifested along the
transect indicates the need to develop a field method to measure K(9) within prescribed fiducial limits, taking into
account quantitative evaluation of spatial and temporal variances associated with the mathematical model, instrument
calibration and soil properties.
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VARIAÇÃO DA CONDUTIVIDADE HIDRÁULICA DO SOLO NÃO SATURADO
DETERMINADA EM CONDIÇÕES DE CAMPO UTILIZANDO ANÁLISES
SIMPLIFICADAS DE EXPERIMENTOS DE DRENAGEM INTERNA
RESUMO: São apresentados dados experimentais de condutividade hidráulica do solo, para uní Alfisol (terra roxa
estruturada) do Município de Piracicaba,SP - Brasil. Medidas simultâneas de umidade do solo e de potencial total
da água no solo foram realizadas ao longo de uma transeção de 125 m, dentro de um campo irrigado, durante o
processo de drenagem interna. Os cálculos de condutividade hidráulica foram feitos utilizando o método do perfil
instantâneo (WATSON, 1966) e o método do gradiente unitário (LIBARDI et al., 1980). A variabilidade espacial
da condutividade hidráulica do solo observada ao longo da transeção aponta a necessidade do desenvolvimento de
método de campo para a medida de K (q) dentro de limites preestabelecidos de precisão, levando em conta a medida
quantitativa das variâncias temporal e espacial associadas ao modelo matemático, a calibração dos instrumentos e
as propriedades do solo.
Descritores: variabilidade do solo, condutividade hidráulica.
INTRODUCTION
In irrigated areas, the water use
efficiency by the crops is strongly affected by the
water losses at the soil surface (evaporation) and at
the bottom of the root zone (deep drainage).
While the evaporation losses can be
reduced by optimizing the physical conditions of
the soil (DE BOODT, 1991), the deep drainage
losses remain potentially important. Moreover,
deep drainage can cause the contamination of the
groundwater with pollutants. From agricultural and
environmental viewpoints, the question has been
put forward how to quantify rates of drainage
losses below the root zone. To analyze
quantitatively this drainage process, we must study
the physical characteristics of the soil at the bottom
of the root zone. Hence, the hydraulic conductivity
(K, mm day-1) as a function of soil water content
(q, cm3 cm-3) or soil water pressure head (h, cm)
has to be determined acurately. On the other hand,
the natural variability and the heterogeneity of the
unsaturated hydraulic conductivity functions should
be taken into account in order to understand, assess
or predict the distribution of leaching over an entire
field typically treated uniformly with respect to
cultivation practices. ÜNLÜ et al. (1990) present
a characterization of the spatial variability of
selected soil hydraulic properties, which is a major
step to better understand the use of field data.
In this study, we characterize the local
variation of the unsaturated hydraulic conductivity
function at the 150 cm depth of 25 plots along a
125 m transect in the field. The available data of
the internal drainage experiments that were carried
out in the field were analyzed in two different ways
to obtain the hydraulic conductivity functions at the
150 cm depth. In the first part, analytical
calculations were incorporated in the instantaneous
profile method that was formally presented by
WATSON (1966). In the second part,
approximations were used to simplify the internal
drainage method of the unit gradient as suggested
by LIBARDI et al.. (1980).
MATERIALS AND METHODS
The internal drainage experiments that
were used to determine the hydraulic conductivity
functions were carried out at the field station of the
University of São Paulo, Piracicaba, S.P. Brazil.
The textural analysis of this fine textured soil is
summarized in TABLE 1. This deep, relative
homogeneous "Dark Red Latoso!" is known as a
"Terra Roxa Estruturada" and is classified as a
Rhodic Kandiudalf.
The experimental layout contained of 25
bare plots (5 x 5m) aligned on a 125 m transect of
a fairly level portion of the experimental field.
Each plot consisted of one aluminium access tube
and two mercury manometer tensiometers. The
volumetric moisture content 0(z,t) was measured at
25 cm depth intervals to a depth of 150 cm using
a neutron probe. Soil water pressure heads h(z,t)
were measured with tensiometers installed at 135
and 165 cm. The hydraulic head H(z,t) was given
by the sum of the soil water pressure head h(z,t)
and the gravitational head -z with z being the depth
coordinate measured positively downward from the
soil surface (z=0).
Internal drainage experiments were
performed simultaneously on each plot to determine
the hydraulic conductivity function. The 5 x 125 m
soil transect of plots was irrigated with a sprinkler
line during seven consecutive days. Although it was
not possible to saturate the soil profile completely,
the soil water content reached values that were
greater than those naturally occurring in the field,
permitting an internal drainage over a useful
moisture content range. After irrigation, the soil
was covered with stubble mulch to prevent
evaporative losses during the subsequent internal
drainage period. The internal drainage process of
the soil profile was monitored by making
simultaneous measurements of the soil water
content and soil water pressure head over a period
of 20 days. The time of measurement was
considered to be nearly identical for all the plots
because the measurements were carried out
immediately one after the other.
The step by step processing of the raw
field data of 9(z,t) and h(z,t) to obtain the
hydraulic conductivity function K(0) are well
described in the literature (HILLEL et al., 1972,
VAUCLIN and VACHAUD, 1967). The analysis
of the data is time consuming, especially when
multiple field experiments are carried out to take
into account the spatial variation of K(0).
Computer programs like CARHYD (VACHAUD et
al.. 1990) are useful in calculating values of K(6).
In this study, we used two different
methods to determine the K(6) values. In the first
case, regression calculations of measured values of
0(z,t) and h(z,t) were incorporated in the
instantaneous pro file method (WATSON, 1966). In
the second case, a simplified version of unit
gradient method was used (LIBARDI et al., 1980).
For the first case hydraulic conductivity
at depth L (150 cm) at any time is obtained by
integrating the general transport equation (assuming
one dimensional vertical downward flow and no
flux through the soil surface or water uptake by
plants). We have:
The numerator of this equation represents
the soil water flux density at depth L and can be
rewritten as follows:
with
SL(t) represents the amount of water
stored at time t in the soil profile to depth L.
Experimental values of SL(t) were obtained from
soil water content measurements. The integral of
equation (3) was approximated numerically by
applying the Simpson rule (HAVERKAMP et al.,
1984):
where the subscripts represent the depths of the soil
water content measurements, t represents the time
of measurement and Dz equals 25 cm (q0 was
assumed to be equal to q25 owing to the difficulty
of measuring q0 with the neutron probe).
To obtain a simple expression for the
dependence of SL with t, a semi-logarithmic
equation was fitted through the experimental values
of SL(t):
The numerator of equation 1 was obtained
by taking the time derivative of equation(5):
From the tensiometer readings
experimental values of (¶H/¶z)L (the denominator
of equation 1) were numerically approximated by:
where the subscripts represent the depths of the soil
water pressure head measurements, and Az is equal
to 30 cm. The experimental values of H135(t) and
H165(t) were smoothed by regression with
Substituting equations 8 and 9 in equation
7, one obtains
where, c'=[(C2 - C1)/30] and d'=[(d2-d1)/30I.
If indeed, a unit hydraulic head gradient
exists during the time of an internal drainage
experiment, the coefficients of equation 10 become
c'= -1 and d'= 0.
Finally, when equations 6 and 10 are
substituted in equation 1, one obtains
which is used for calculating K values at any time
during the internal drainage experiment. To
determine the corresponding q value, experimental
measurements of q(t) at depth L were fitted to the
regression equation
where q0 is the initial value of q at t=0.
The K(q) relationship was expressed as
an exponential equation, which is in agreement
with the use of a logarithmic equation for the SL(t)
data (VAUCLIN and VACHAUD, 1967):
where K0 = K(q0).
The parameters K0 and y were estimated
by linear regression techniques, using the K and q
values obtained from equation 11 and 12, for same
values of t.
In the second method, the approximations
of LIBARDI et al. (1980) were used to determine
the hydraulic conductivity function. Three
assumptions were made:
i. The only force causing internal drainage is
gravity. In other words, a unit hydraulic head
gradient exists with the soil water pressure head
gradient being zero. Hence,
ii. The average soil water content in the soil
profile to depth L (q*) is linearly related to the
soil water content at depth L (q) by the relation
iii. K is related to q by equation 13.
With these three assumptions, the integral of
equation 1, for large t, yields for depth L
By fitting this regression equation to the
experimental 0 and t values, the parameters K0 and
7 of equation 13 are determined. The reciprocal
value of the slope of equation 16 yields 7, while
the intercept is used to calculate K0 with known
values of 7, L and q.
Inasmach as tensiometer data were available, the
K(h) relationship could also be established, what
was done only for the first method since the second
neglects the use of h. To determine the value of h
at the 150-cm depth a semi-logarithmic equation
was fitted through the average values of h135(t) and
h165(t), representing h150(t):
The K(h) relationship was expressed as an
exponential model:
RESULTS AND DISCUSSION
Figures 1 and 2 give examples of the measured
values of soil moisture content (q) and soil water
pressure heads (h) for the 25 locátions and three
different days of internal drainage. The variability
of both q and h in space is fairly TABLE 1 in
time. Coefficients of variation in space for 0 and
h were about 4% and 6%, respectively.
First Analysis (instantaneous profile): In figures
3, 4 and 5, an overview is given how the raw data
of location 1 were treated in the first analysis to
obtain the hydraulic conductivity functions. In
figure 3 it is visualized how well the experimental
values of SL(t) fit to the proposed semi-logarithmic
regression equation (Eq. 5) at location 1. The use
of this equation was possible for this particular soil
since the profile drains uniformly. The initial soil
water storage down to 150 cm depth was 548.8
mm (coeff. a). The decrease in soil water storage
down to 150 cm depth expressed by the b
coefficient, was only 13 mm per unit 1n of time.
Similar values of b were obtained for the other
locátions, with a maximum of 16 mm location 4
and a minimum of 9 mm in location 24. The
correlation coefficient of equation 5 was always
greater than 0.89 for all locátions.
The application of the semi-logarithmic
equations (Eq. 8 and 9) to fit the experimental data
of hydraulic head values at 135 cm and 165 cm
depths was also successful for all the locátions of
the transect. The fitting of this equation for
location 1 is illustrated in figure 4. For all the
locátions, the regression coefficients were always
greater than 0.90 for the two considered depths.
For all the locátions studied, the slopes of
equations 8 and 9 (d1, d2) were comparable to each
other, while the intercepts (c1, c2) showed, as
expected for a unit gradient, a difference of about
-30. TABLE 2 summarizes the values of c'and d'
for all the locátions. These values indicate that the
total hydraulic head gradients were close to unity
for all tha locátions during the whole experimental
drainage period (20 days). Only plot number 20
deviated strongly.
Figure 5 shows the exponential decrease
of K for location 1: from 17 mm.day-1 in the first
day to less than 1 in the last day of the internal
drainage period (20 days). Similar values were
found for the other locátions on the transect with a
maximum reduction in K of 28 times between the
first and the last day of the experiment.
The use of the semi-logarithmic
equations (Eq. 12 and 17) to fit values of q and h
showed large correlation coefficients in all the
cases. For location 1 they were 0.85 and 0.88,
respectively. The q values for location 1 decreased
only 1.5% from the initial value during the
experimental period. The same tendency was
observed for other plots with maximum of 5% and
minimum of 0.3% during the same period. Larger
differences of h values were observed between the
first and the last day of the experiment for location
1 (-24.9 cm H2O, a reduction of 35% of the initial
value). The percentage of reduction for the other
plots varied from 52% to 26% during the 20 day
period.
Regressions of In K(q)(t) (Figure 6)
values with corresponding q(t) values yielded
estimatives of K0 and g. In a similar way,
regressions of K(q)(t) values with correspondingh(t)
values yielded estimatives of a and b. Data are
presented in TABLE 3.
Second Analysis (unit gradient): The first
assumption of the second analysis was
approximately fulfilled. Coefficients c' and d',
shown in TABLE 2, were close to -1 and zero,
respectively, indicating slight deviations of the unit
gradient with time, which is in agreement with
REICHARDT (1993) who indicated that unit
gradients cannot systematically occur.
With the value of the regression
coefficient being greater than 0.9 except for 6
locátions the second assumption is considered a
reality. Coefficients p and q of equation 15 given
for each location are presented in TABLE 2.
The third assumption built into the
method of LIBARDI et al.. (1980) cannot be tested
directly. Based upon the large regression
coefficients of In K versus q in the first analysis,
the assumption is considered as fulfilled. The
values of K0 and g are also found in TABLE 3.
Comparison of K(9) by the first and the second
analyses: Figures 7 and 8 are regressions o f K0 and
7, for the instantaneous profile versus unit
gradient, respectively. The low regression
coefficient obtained for the comparison of K0
values showed that the methods are not equivalent
(VILLAGRA, 1991) and suggest that K0 should
preferentially be measured directly during the
infiltration test. On the other hand, for the purpose
of this study, K0 represents only a parameter of the
K(0) relation. The high regression coefficient
obtained for 7 data show that simple methods like
LIBARDI et al..(1980) can be very useful for the
estimation of K(9) functions.
Applying the methodology proposed by
WARRICK & NIELSEN (1980), based on the
Central Limit theorem, it was found that K0 and 7
values can be estimated using only 25 plots if the
error in the estimation of the new mean is greater
than 10% at a confidence level of 10%.
For more accurate estimations it would
be necessary to consider a much great number of
locátions. This leads to the conclusion that 25
observation points make too small sample. It has to
be recognized, however, that the experimental
effort to perform one internal drainage test is great,
so that numbers much greater than 25 become
prohibitive.
Application of the K(q), K(h) functions to
estimate the deep drainage: As stated before, an
accurated estimation of a K value for a given soil
condition is very difficult, mainly due to errors in
q or h estimation and to the exponential character
of the K relations. Spatial variability, as shown in
TABLE 2, plays a significant role. As an example
TABLE 4 shows K values used to estimate
drainage flux densities on 13/2/90, a sample day in
which drainage below root zone was significant.



Data of TABLE 4 show that for this
specific day K values for the instantaneous profile
and unit gradient methods, using q as independent
variable show a coefficient of variation of the order
of 75%, which is substantial. On the other hand,
the averages of K for the 25 replicates are identical
at a 1% interval of confidence. For the instanta-
neous profile method using h as the independent
variable, the coefficient of variation is reduced to
27% and the average K is significantly different
from the former. These results indicate the great
difficulty in using Darcy's equation to estimate soil
water fluxes under field conditions. REICHARDT
et al. (1993) and VILLAGRA et al. (1994) discuss
these aspects in more detail.
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